Radiative transfer for parallel streams of radiating gases by Whang, Y. C.
RADIATIVE TRANSFER FOR PARALLEL 
S T R E A M S  OF RADIATING GASES 
by 
Y. C .  Whang 
Report No .  66-001 January 1966 
Department of Space Science and Applied Physics 
The Catholic University of America 
Washing ton, D .  C .  2001 7 
“This work was supported by the National Aeronautics and Space Administration 
under NASA Research Grant NsG-586. 
https://ntrs.nasa.gov/search.jsp?R=19660018644 2020-03-16T19:34:55+00:00Z
. . 
ABSTRACT 
The radiation heat transfer between two parallel streams of absorbing and emitting radiating 
t 
gases is studied. The problem i s  described by the Rossefand diffiision approximation together 
wi th the radiation s l ip  bundary condition. Considering that the flow i s  incompressible and 
invidcid, the exact solution of the problem i s  obtained; The s!tltinr! shows I? sn?ooth tmncition 
1 
regime between the optically thin and the optically thick regions. The thickness of radiation 
layers i s  calculated. 
- I  - 
1. INTRODUCTlON 
This paper presents an exact solution for the radiative and convective heat transfer 
between two parallel streams of absorbing and emitting radiating gases. The Rosseland 
diffusion approximation and the radiation slip boundary condition are used to describe the 
1 
1 problem. Probstein calculated the radiative heat transfer between two parallel plates 
containing a radiating as in  the gap by this method. The calculated results based on the 
radiation slip boundary condition are i n  good agreement with the numerical results 
2-4 
obtained 
by solving the governing integro-differential equations. Probstein suggested that the difficult 
problems of solving the integro-differential equations may be circumvented by the use of the 
"radiation slip" method and that this method may be applied to other gas flow problems where radiation 
heat transfer i s  of importance. Some applications of the radiation slip boundary condition to gas 
flow problems have been carried out in references 5-7. 
In this paper the radiation slip boundary condition i s  used to study the radiative transfer 
between two streams of incompressible inviscid flow. 
of the radiation transfer i n  the transition regime, we consider that the conductive heat flux i s  
neglegible compared with the radiative flux. The exact solution of the problem in  a closed 
form i s  obtained. A special case of this solution gives the exact solution for the radiative 
transfer in  an incompressible inviscid flow over a flat plate. The physical significance of the 
solution i s  discussed and the thickness of  radiation layers i s  calculated. 
In order to investigate the main features 
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2. RADIATIVE TRANSFER IN TWO PARALLEL STREAMS 
We shall study the radiative transfer between two parallel streams of incompressible invicid 
gases, moving horizontally in  the same direction. The x-axis i s  &awn horizontally i n  the direction 
of motion and y - axis vertically upwards. At x = 0 the two .flows come into contact and have 
different temperatures, densities and velocities. The energy equation i s  
where the suffix i = 1 refers to the upper flow and i = 2 to the lower. Using the Rosseland 
diffusion approximation, the radiative flux gR may be expressed as the product of the 
temperature gradient and the radiative thermal conductivity, namely, 
where T i s  the Stefan - Boltzmann constant and k. the volumetric absorption coefficient. 
Assume that kR 
R 
varies as a third power of the temperature, then we can write (1) as 
The radiation slip boundary condition wi l l  be applied to the interface between the two streams. 
L On the interface there i s  a temperature jump that i s  proportional to tbe radiation temperature 
gradient. Thus we can write the boundary conditions 
T =T.  for all y 
I 
(;)As x = O  
(ii) As x 1 0 T =  T. for I Y  1-00 
I 
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and 
where the constants c, and c1 are to be determine# later. 
9 
We introdiice the %!lowing dherisionless quantities: 
Q =(T - T2) / (TI - T2) 
3 = 16 rT,3 x / 3  cf  k, p\ U\%, 
I= Y / C \  
d= e, u\ % I  / e, u2 CPZ 
and 
In terms of the dimensionless quantities, we can .write equation (2) and the boundary 
conditions as 
0 AS 3 = 0  
and 
} (3) for 7 7 0  
for '1 < o 
The exact solution ot this problem can now be obtained by means of the Laplace transformation 
- 3 -  
method. Let f(s ,v  ) be the Laplace transform of Q( 3, q), then we can find the Laplace 
transformation of the solution of (3) subject to the given boundary conditions 
f=,- I e x p  (- 3") 
5 ( I  +q t s " a )  
an d 
The inverse transform of f( s)? ) gives 
I for 7 .o 
for 7 
From (5) we can obtain the radiative heat flux across the interface. 
Now we can determine the two constants C, and C, by requiring that the solution 
reduces to the black-body result in  the l i m i t  of the optically thin regime, namely 
(4) 
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This condition yieids 
and 
Therefore we obtain the exact solution for the radiative flux between the two streams of 
incompressible, inviscid gases as 
(7)  
The temperature changes on the two sides o f  the interface are related by 
Some solution for 0 and (-qR) 
and R. Figure 1 shows that the exact solution processes a smooth transition between the black 
are plotted i n  Figures 1 - 7 for various values of a Y = o  
body formulation for the optically thin regime and the Rosseland diffusion formulation. 
2 -5 
When 0 S (1 + mR) 3' 7.85~ 10 , equation (7) gives O.W< (-qR) &(T,~-T>* 1 
Y= 
Physically this result means that the accuracy of the black body formulation i s  within one percent 
for the region 
-4 2 
x < 4 . 2 ~  10 6, LRl /(1 + OCR) 
where B 1 = e, u\cpr / 0 7 - \ ~  i s  the Boltzrnann number, and 1 = I /  k, i s  
the photon mean free path. If the "radiation slip" boundary condition i s  not used, the heat flux 
across the interface calculated by the Rosseland approximation i s  
- 5 -  
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Equation (7) approaches to (8) asymptotically as (1 +do) 3-00 . 48.5 
the error introduced by equation (8) i s  less than one percent. This means the no-slip solution (8) i s  
When (1 + oc R) 3 > 
accurate to within one percent in  the region 
- 2 
X > 260 B \  fL~ , / ( l  + O( R) 
In this region the influence of radiation slip can be neglected. 
3 .  RADIATIVE TRANSFER FOR A N  INCOMPRESSIBLE INVISCID FLOW OVER A FLAT PLATE 
The radiative heat transfer for an incompressible inviscid flow over a plate of constant 
8 5 
temperature has been studied by Goulard and Tien and Greif . I ts  exact solution can ac tw l l y  
be obtained directly from (5) and (7) by taking kRz+o  or R = 0 , namely I 
a n d  
The exact solution (10) can be expanded as 
While the solution by Tien and Greif can be expressed as 
These solutions are also plotted in figures 1 and 2. For this case the black body solution i s  accurate 
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to within one percent i n  the region 
x < 4.2 x \o-+ B, &, 
and the effect of the radiation slip condition can be neglected i n  the region 
4. THICKNESS OF RADIATION LAYERS 
The results obtained in  section 2 show that the temperature changes rapidly from the 
temperature at y = 0, (say T, ) to the main stream temperature at y = 00 , T, within 
a layer beyond which the temperature changes asymptotically and the influence of radiation i s  
imperceptible. If we define the radation layer thickness as the distance 6 from the interface 
of two streams(or from the surface of a flat plate) for which 
T - To = 0.99(T, - To) 
then from (5) we obtain that when y = 6 
~ 
where F i s  defined by equation (6) 7 
(when 3 tends to infinity, equation (10) reduces to 
__- 
or 
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when 3 tenus to zero, equation ( S  1 j reduces to 
0 . 0  \ = e x p (- r2/4 3 ) - T * [ 7 /(2 3 y2 >3 er f c [ ’1 / ( 2 3 ‘/z )] 
7/5‘‘2 = 2 . 2 7  or 
From (12) and (13), we can express ihe ihickness of radiation layers as 
6 = E(D,, x /  L 4 ,  y2 
or 
3 
where D 
value of E i s  between 2.27 and 2.58, E equals to 2.27 at the optically thin limit and 
= (16 Q T  )/(3 F C p  k, ) may be called the radiation diffusivity, and the R 
2.58 the optically thick limit. The variation of E shows that the thickness of radiation layer 
i s  slightly reduced near the leading edge of the plate due to the effect of the radiation s l i p .  
This phenomenon i s  quite similar to the effect of the mass velocity slip on the momentum thick- 
9 
ness of boundary layers . In terms of the Boltzmann number and the radiation mean free path, 
the thickness of radiation layers becomes 
where E’ = 4~ (35‘’* = 5.25-5.95. The thickness ra.io of 
the two parallel streams of incompressible inviscid gases is 
or 
he two radiation layers for 
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Table 1, Radiation Heat Flux calculated by equation (7 ) 
approximate so lu t ion  by Tien and Greif  f o r  8 = o a  
compared with t h e  
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Table 2,  Calculated temperature for = o 
I 3 = 001 7 i 
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- 
n 
001 0 e 79049 
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3 = 1  
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o e 93666 
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5 = 10 
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~ ~~ 
Tien and Creif, g= o 
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Table 3. Calculated temperature f o r  o( = 1, != 1. 
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Table 4, Calcu la t ed  temperature for c>(= 0,1, Q =  1 
. 
I 
s 
100 
50 
30 
20 
10 
5 
3 
2 
1 
Or5 
0: 3 
0 , 2  
Ot1 
0 ,05  
0,03 
0,02 
0,Ol 
0 
-0 
-0.01 
-0,02 
-0c03 
-0,l 
-0.2 
-0e3 
-0.5 
-1 
-2 
-3 
-5 
-10 
-20 
- 30 
-50 
-100 
- 0 ~ 0 5  
3 = c,1 
1,00000 
o r  99660 
0 e 95141 
0 89288 
0 84928 
0,79496 
0 - 76374 
0 73686 
o 02701 
0~02050 
0 e 75051 
0,74373 
0 a 72988 
0,01507 
0.01071 
0,00486 
0 * 00034 
0 
i 
s = i  
1 e 00000 
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0 63928 
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Table 5. Calculated temperature for rn = 10, 
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Table 6. Calculated temperature f o r  d = f i  s g = u n  
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Table 7. Calculated temperature for OC = m, = fl 
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Figure Captions 
Figure 1 Radiant heat flux between two parallel streams (B = o for flow past a flat plate) 
Figure 2 Temperature profile for 13 = o 
- 
Figure 3 Temperature profile for d = 1, B = 1 
* Figure 4 Temperature profile for &= 0.1, R = 1 
Figure 5 Temperature profile for CA = 10, R = 1 
Figure 6 
Figure 7 
Temperature profile for o(= (\  o)”, B = (\o>-’” 
Temperature profile for oC= (10) B = (lOf’z H 
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